The advantage of using supercritical water (SCW) as a reaction medium for bitumen upgrading was investigated through comprehensive analyses and comparisons of the products obtained using SCW or high-pressure nitrogen. SCW showed almost no chemical effect, but it showed a dispersion effect that led to intramolecular dehydrogenation of the heavier component and prevented recombination reactions. The optimal condition for maximizing this dispersion effect was estimated using the dielectric constant and Hansen solubility parameter (HSP). The necessary condition of SCW to show good miscibility with heavy oil was when the dielectric constant was 2.2 and the HSP hydrogen bonding component was 10 MPa 0.5 . The optimal conditions were confirmed by the highest extraction yield of asphaltene and the greatest yield of upgraded oil.
Introduction
Today, heavy oil resources, such as oil sand bitumen in Canada 1) , are important for meeting the world demand for petroleum. Most oil sand resources are too deep in the ground to be recovered using surface mining. Therefore, in-situ recovery methods, such as steamassisted gravity drainage (SAGD), are key technologies for the development of such resources. Bitumen usually has poor mobility; thus, an on-site upgrading system is necessary to improve the mobility. However, the production rate of the SAGD process is generally low; thus, it is not economical to install conventional upgrading processes. Thus, a simple and more economical upgrading process is required at SAGD mining sites.
The SAGD process uses a large amount of hot water or steam for production, so an upgrading process using hot water is feasible. Thus, an upgrading process using supercritical water (SCW), with no catalysts or additives, also has potential 2), 3) . SCW is water at or above its critical temperature (374 ) and pressure (22 MPa) and acts as a unique medium for organic chemical reactions 4) . An upgrading test has been performed using a bench-scale SCW cracking unit, and the next phase was recently scheduled using a demonstration unit 5) . The authors studied the role of SCW in the upgrading of heavy oil to answer two questions: 1) What is the preferable effect of SCW on the upgrading reaction of heavy oil? 2) Under what conditions is the SCW effect optimized?
This paper summarizes the effect of SCW on the upgrading reaction and discusses how to determine the optimal conditions to maximize the SCW effect.
Effect of SCW on the Upgrading Reaction of Oil
Sand Bitumen
The objective of this work was to clarify the effect of SCW during bitumen upgrading. In particular, the chemical effect of SCW was studied to determine whether hydrogen and oxygen molecules of SCW are involved in some reactions, and if they are involved, how much water reacts with bitumen. In this research field, Zhao et al. 8) , Sato et al. 9) , and Han et al. 10 ),11) supported the idea of the chemical effects of SCW, but Kishita et al. 12) and Cheng et al. 13) discounted it. It is thought that the main reason why they could not reach a consensus was the lack of detailed analyses of the overall products. In addition, asphaltene separation using heptane was not considered to be suitable for evaluating the maltene in the feed and product, because maltene recovered from products can contain not only the components produced by decomposition and degradation, but also the original components.
In the experiment, Canadian bitumen (C: 83.5, H: 10.6, N: 0.5, S: 4.2, O: 1.0, others: 0.3 wt%) mined by SAGD was used. The bitumen was treated in an auto-clave with water or nitrogen at temperatures in the range from 420 to 450 and at pressures of about 25 to 30 MPa for less than 120 min including heating time. Nitrogen was selected as an inert medium for comparison with water. Instead of solvent separation, we prepared the light and heavy fractions by distillation. We conducted comprehensive analyses and comparisons of the products produced at 450 . Figure 1 shows the product distribution of each experiment. Here, coke is defined as toluene-insoluble fraction, and vacuum residue (VR) and distillate product (DP) is toluene-soluble fractions having a boiling point of ≥525
1. Yield and Conversion
and 525 , respectively. The bitumen contained 53 wt% of VR and almost no coke fraction (0.05 wt%). As the reaction temperature and time increased, the yield of gaseous products and coke increased, and that of VR decreased. We compared the relationships between conversion and the coke or DP yields to clarify the effect of reaction media (Fig. 2) . The conversion shown in Fig. 1 was defined as the ratio of the fraction converted into DP from the original VR:
In Fig. 2 , the each circled number corresponds to the same number shown in Fig. 1 , and the direction of the curved gray arrows means severity increase of the thermal condition. Under milder conditions, the coke and DP yields were similar when using SCW and highpressure nitrogen. This means that SCW had almost the same effect as nitrogen under mild conditions. However, the effect of reaction media on those yields was quite different at higher conversions. The conversion did not exceed 0.55 when nitrogen was used because the coking reaction occurred mainly under severe conditions. On the other hand, SCW showed higher conversions than high-pressure nitrogen. Thus, SCW showed a preferable effect for coke suppression. Figure 3 shows the relationship between the sulfur content and the yield of liquid product, which is the toluene-soluble product. The trends using water or nitrogen were basically on the same curve. This result indicated that SCW and nitrogen showed the same desulfurization behavior for products, suggesting that Table 1 shows the yields of gaseous products obtained at 450 for 60 min. At this condition, the conversions were clearly different from each other (0.60 for SCW, and 0.53 for nitrogen, respectively). The yield of each hydrocarbon gas (C1 to C3) obtained using water or nitrogen was similar. However, larger amounts of CO2 and H2 were produced using water (0.76 and 0.09 wt%) compared to nitrogen (0.22 and 0.04 wt%), even at the same conversion. Based on the total elemental contents (mmol/g-bitumen) of carbon, hydrogen, and oxygen in the gaseous products, water resulted in larger amounts of hydrogen and oxygen atoms compared with nitrogen. This result suggested that SCW may supply some hydrogen and oxygen to the reaction system, as Sato et al. suggested 9) . The differences in hydrogen and oxygen yields were 0.4 (15.25 14.82) and 0.2 (0.37 0.13) mmol/g-bitumen, respectively. This means that about 0.2 mmol/g-bitumen of water was converted to gaseous products during the steam reforming and water-gas shift reactions, which corresponds to 0.2 % of the total water, and almost all the hydrogen formed by the reactions was collected as gaseous products. These results suggested that SCW supplied a small amount of hydrogen to the liquid products. At the same time, SCW converted a larger amount of carbon into gaseous products than nitrogen, by 0.1 (4.51 4.42) mmol/g-bitumen, which corresponds to 0.1 % of the feed carbon. Although these estimations by the compositions of gaseous products may be insufficient to determine the exact amount of bitumen that reacted with water, these findings suggested that SCW did not chemically affect the product yields.
Desulfurization Behavior of Liquid Products

3. Gaseous Products
4. Middle Distillate
The middle distillate fractions (MD) having boiling points of 200 to 500
were analyzed using gas chromatography (GC) with three kinds of detectors (flame ionization detector (FID), sulfur chemiluminescence detector (SCD), and nitrogen phosphorus detector (NPD)) to obtain the distributions of carbon-, sulfur-, and nitrogen-containing compounds, respectively. Figure 4 shows the GC-FID, GC-SCD, and GC-NPD chromatograms of MD treated at 450 for 60 min with water or nitrogen. No significant differences were observed among those chromatograms. In addition, even though MDs were analyzed in terms of the boiling point distribution, molecular weight distribution (gel permeation chromatography), elemental composition, and hydrogen and carbon distributions (nuclear magnetic resonance (NMR)), there were no significant differences in the properties and compositions. These results showed that the upgrading reaction of bitumen with water or nitrogen produced MDs having almost the same composition and properties. Thus, under the experimental conditions used in this study, the chemical effect of SCW did not significantly influence the properties of the products.
5. Distillation Residue and Coke
Distillation residue fractions (DR), which were toluene-soluble and had boiling points of 500 , were analyzed in terms of molecular weight distribution, elemental composition, and hydrogen and carbon distributions. All of the analytical results showed that the DR samples prepared with water or nitrogen had different component distributions. The DR produced in SCW had lower average molecular weight and H/C atomic raito, and higher carbon aromaticity (fa) (610, 0.85 and 0.73) than those produced in nitrogen (655, 0.93 and 0.68) at 450 for 120 min, respectively. The DR produced in SCW had lower molecular weight compounds having higher fa compared to those produced in nitrogen. These properties suggested that intramolecular dehydrogenation was dominant in SCW. Therefore, it was thought that SCW contributed to the higher dispersion of heavier compounds compared to nitrogen. This also means that recombination reactions were suppressed in SCW. The coke prepared with water had a lower H/C value and higher fa than that prepared with nitrogen. The higher fa of coke prepared in SCW supported the contention that the heavier compounds were decomposed in a highly dispersed state.
6. Summary of SCW Effect
Based on the yields of gaseous products, the amount of water that was involved in the upgrading reaction of bitumen was considered to be very small. The desulfurization behavior of liquid products and all the properties of distillate fractions prepared with water were similar to those prepared with nitrogen as an inert medium, and also the heavier products (DR and coke) prepared in SCW did not contain larger amounts of hydrogen than those produced in nitrogen. Therefore, SCW was not considered to behave as a radical capping agent supplying hydrogen to liquid products; that is, the chemical effect of SCW was negligible. A recent study using pure compounds also refuted the chemical effect of SCW 14) . Figure 5 explains conceptually the effect of reactant dispersion on product properties. SCW can keep heavy fractions in a highly dispersed state. This dispersion effect led to intramolecular dehydrogenation of the heavier component and prevented recombination reactions. Consequently, the DR produced in SCW consisted of lower molecular weight compounds, which had more condensed structures than those produced in nitrogen. The advantage of SCW was dispersion of the heavy fraction, as demonstrated above. Thus, the next step was to optimize the conditions to maximize the dispersion effect. Therefore, the miscibility of SCW with asphaltene, which is the heaviest fraction, was examined by comparison of solvent properties between SCW and organic solvents.
1. O p t i m a l C o n d i t i o n s f o r M i s c i b i l i t y
Determined by Dielectric Constant and Hansen Solubility Parameter The dielectric constant (ε) corresponds to the polar property of a solvent in the bulk phase. There are several good solvents for asphaltene at room temperature, as listed in Table 2 . Those polar solvents have values of ε ranging from 2.2 to 10.4. On the other hand, paraffins (ε ≤ 2.0) and water (78.5) are poor solvents, suggesting that 2.2 ≤ ε ≤ 10.4 may be required for solvents to have good miscibility with asphaltene.
The Hansen solubility parameters (HSPs), δd, δp, and δh, correspond to solvent properties of dispersion, polar, and hydrogen bonding contributions in the square root of the cohesive energy density (MPa 0.5 ) of the solvent, respectively 17) . Previously, Redelius examined the relationship between the HSPs of various solvents and miscibility with bitumen, and we judged that good solvents for asphaltene should have at least δp and δh of 10 MPa 0.5 (see Table 2 ) 18) . Based on the discussion above, the optimal conditions for miscibility may be determined by the ε and HSP of SCW. Both the ε and HSP of SCW under certain conditions can be estimated using equations proposed by Uematsu et al. 19) and Williams et al. 20) , respectively. For example, Fig. 6 shows the ε and HSP of water calculated at 30 MPa. The three HSPs decreased drastically near the critical temperature of water. As described above, SCW can have good miscibility with asphaltene when its ε is 2.2-10.4 and its δh is 10 MPa 0.5 . Here, it is sufficient to consider only the limit of δh, because the δh of water is the greatest of the three HSPs under any condition. Figure 7 shows the variation in the ε and δh of SCW with temperature and pressure. The optimal conditions are indicated by the shaded area of the figure, distributed above 410 and 25.6 MPa.
The validity of the optimal conditions for miscibility was evaluated using a report on SCW upgrading of heavy oil. Cheng et al. reported that VR was upgraded Shaded area: estimated optimal conditions. : condition under which the highest extraction yield of asphaltene was obtained. and a water density of 100-200 kg/m 3 13) and that upgraded oil containing the greatest light fraction (boiling point 350 ) was obtained using SCW at 420 and a water density of 150 kg/m 3 . We estimated the pressure of this run using the water density and estimated ε and HSP using the method described above 16) . Based on these estimates, their optimal conditions were 420 and 27 MPa when SCW had a ε of 2.2 and δp of 9.9, which agreed with the optimal conditions that we estimated. This result indicated that the parameters ε and δh were valid for determining the most effective upgrading conditions based on optimal dispersion.
2. O p t i m a l C o n d i t i o n s f o r M i s c i b i l i t y
Determined Using SCW Extraction The conditions for asphaltene extraction by SCW flow were optimized in the ranges of 400-450 and 25-35 MPa. The highest extraction yields were obtained at 440 . Figure 8 illustrates the relationship between the extraction yield and pressure at 440 . Here, the extraction yield is the fraction of asphaltene that was removed from the extractor by a very large amount of SCW. The extraction yield was influenced by the extraction pressure: it increased with pressure below 30 MPa and decreased above 30 MPa. This means that SCW at 440 and 30 MPa had the optimal miscibility with asphaltene. As shown in Fig. 7 (open circles), this condition satisfied the optimal conditions estimated from the solvent properties of SCW, indicated by the shaded area. We successfully determined the optimal conditions for miscibility with heavy oil using the solvent properties of SCW and extraction experiments.
Summary
SCW had an advantageous effect on the upgrading reaction of heavy oil by improving dispersion. Because a negligible amount of water molecules was involved in the upgrading reaction, the solvent properties of SCW enabled us to determine the optimal conditions for SCW upgrading of heavy oil. SCW showed maximum dispersion when the dielectric constant was 2.2 and the HSP hydrogen bonding component was 10 MPa 0.5 . The optimal conditions were confirmed by the highest yield of asphaltene and the greatest yield of upgraded oil.
